Here we investigated the nature and functional consequences of mutations in the HIV-1 tat gene within an epidemiologically-linked AIDS transmission cohort consisting of a non-progressing donor (A) and two normal progressing recipients (B and C). Multiple nonsynonymous mutations in the tat first exon were observed across time in all individuals. Some mutations demonstrated striking host specificity despite the cohort being infected with a common virus. Phylogenetic segregation of the tat clones at the time of progression to AIDS was also observed especially in recipient C. Tat clones supporting high levels of transactivation were present at all time points in all individuals, although a number of clones defective for transactivation were observed for recipient C in later time points. Here we show that the tat quasispecies in a linked transmission cohort diversify and evolve independently between hosts following transmission. It supports the belief that quasispecies variation in HIV-1 is a mechanism for selection towards defining a fitter gene variant that is capable of resisting the human immune system.
Findings
HIV-1 transmission cohorts, where the donor, recipients and transmission histories are known, present an ideal opportunity to study the same virus in different immunological environments. Mutations in the env gene of HIV-1 have been the main focus in most epidemiologicallylinked cohort studies of virus evolution [1, 2] , however relatively little in known about selection of mutations in the HIV-1 regulatory genes. One of the major regulatory genes of HIV-1 is tat, which encodes the viral transactivator of transcription known as Tat [3, 4] . Originally discovered as an essential cofactor for efficient viral transcription, Tat is now ascribed to play diverse roles during AIDS pathogenesis [for reviews, see [5] [6] [7] ]. Whilst there is no evidence to suggest that a specific Tat transactivation phenotype is selected during disease progression in a single host [8] , little is known about the natural genetic and functional selection of diverse quasispecies of tat during transmission between hosts.
We attempted to determine if inter-host transmission of HIV-1 confers a selective pressure for Tat function in a unique epidemiologically-linked cohort of three individuals [1, 9] . The cohort consisted of a long-term non-progressor (donor A) who transmitted HIV-1 to two recipients (B and C) via blood transfusion. The recipients subsequently developed AIDS and progressed normally, with recipient C recently dying from an AIDS-related illness following rapid progression around the time of death. Infected peripheral blood mononuclear cells (PBMCs) were collected from the individuals at various time points and the integrated first-exon tat sequences were amplified from these cells.
Multiple first-exon tat sequences were amplified by nested PCR from the PBMCs of the cohort members at 5 time points from donor A, 4 time points from recipient B and 12 time points from recipient C. (Refer to additional file 1: detailed methods.) These amplicons were subsequently cloned into expression vectors and a total of 89 tat clones were generated. Twenty-six unique clones were identified after comparison of amino acid sequences ([Gen-Bank:EU184659] -[GenBank:EU184684]). These unique clones were aligned against the most prevalent clone from donor A (clone A1-1), which revealed the presence of multiple amino acid substitutions in all individuals (Figure1). Host-specific mutations are highlighted by solid boxes in Figure 1 whereas mutations common between hosts are marked with dashed boxes. Attestation of these changes was also visualised using phylogenetic reconstruction of the tat clones using both nucleotide and peptide sequences. The nucleotide ( Figure 2A ) and pep-Amino acid alignment of cohort Tat clones Figure 1 Amino acid alignment of cohort Tat clones. The sequenced cohort Tat clones are aligned against clone A1-1. A dot represents amino acid identity at that position; an asterisk represents a stop codon. Tat domains as described by [19] are separated by vertical lines, individual-specific substitutions are indicated by solid boxes and substitutions common to recipients B and C by dashed boxes. The amino acid sequence of one-exon Tat from HIV-1 clone SF2 is shown for comparison. The nucleotide sequences of these clones are available from GenBank ([GenBank:EU184659] -[GenBank:EU184684]). tide ( Figure 2B ) topologies were distinct suggesting that the nonsynonymous changes in the tat genes may have some bearing on the genetic relationship between tat clones from a single individual and may carry functional relevance, as confirmed herein.
Tat proteins from the donor A clones were generally comprised of previously observed amino acid residues as described in the Los Alamos HIV Sequence Database [10, 11] . Residues in the donor A clones considered infrequent or rare were E12, L32, and R66, as well as residues H59 and D68, which were both common to all donor A clones. The D68 residue has not been previously described and was not observed in Tat clones of recipients B or C, which possessed the commonly found S68 or P68 residues. Recipient B's host-specific mutations (compared to clone A1-1) were T39I, R40S and D68S. Recipient C's host-specific mutations, in contrast, were R19S, A21P, Y47H (except clone C3-3), D68P and S70P (except clones C1-1 and C2-5). The substitutions H59P and A67V were seen in all clones from recipients B and C (dashed boxes in Figure 1 ) but not in any of the clones from donor A. Thus distinct nonsynonymous mutations were observed in the Tat clones from all cohort members that segregated in a host-specific manner as well as two mutations that showed common specificity to the transmission recipients. The specificity of these mutations are consistent with host-driven evolution of the tat quasispecies in each cohort member.
There were considerable differences in sequence diversity between Tat clones from the donor and the two recipients. Donor A clones showed less diversity in amino acid sequences compared to the recipients, whereas recipient B clones were less diverse than clones from recipient C. Interestingly, none of the amino acid mutations identified in the donor were observed in either of the recipients, who share more nonsynonymous mutations between them compared to their common donor.
Further, demonstration of these host-specific differences in viral quasispecies is depicted in Figure 3A , which shows the scoring of the different Tat amino acid sequences in the tat quasispecies over time. Figure 3A The transactivation abilities of each individual's unique Tat clones were assessed using a luciferase reporter assay. The luciferase reporter contains the HIV-1 LTR upstream of the luc gene meaning that specific binding of Tat to an RNA structure (the transactivation response element, or TAR) in the LTR drives powerful expression of luciferase. Only the protein expressed from the first exon of tat is required to fully transactivate the LTR [12] , thus we tested the first exons of the tat clones in the assay. The transactivated luciferase output of each one-exon tat clone are represented in Figure 3B as fold activation over a control oneexon tat gene from the SF2 isolate of HIV-1. Transfection efficiencies were normalised with a β-galactosidase expression plasmid. This accounts for variations in plasmid amounts but not, however, for variations in Tat clone expression levels or protein stability. Clones from donor A demonstrated two-to three-fold transactivation over SF2 Tat with all but clone A5-4 showing no significant difference (p > 0.01) compared to clone A1-1. Similarly for recipient B, all but clone B3-2 showed no difference in transactivation compared to A1-1. The low values for A5-4 and B3-2 are attributable to substitutions in the cysteine-rich domain of Tat (F32L and K28E, respectively), a critical region for transactivation and intramolecular bonding [13, 14] . The Tat clones from recipient C possessed the widest diversity of transactivation function. Twelve of the sixteen unique clones showed significantly less (p < 0.01) transactivation abilities compared to A1-1 (denoted by asterisks in Figure 3B ). The general attenuation seen in all of recipient C's Tat clones is most likely due to two mutations, Y47H and R52W, located in the highly conserved core and basic domains (respectively) of Tat. The core domain mutation has been reported to suppress but not eliminate transactivation ability [15] [16] [17] , and R52 participates in the binding of Tat to TAR and is involved in the nuclear localisation of Tat [18, 19] . The strong or total suppression of transactivation abilities observed in many of the recipient C clones is due to various mutations in the cysteine-rich and core domains or, in the case of clones C3-1 and C7-5, due to premature stop codons (Figure 1) .
Phylogenetic analysis
It is interesting, and apparently paradoxical, to note that many of the defective Tat clones in recipient C appeared at later time points around the time of rapid progression. It is possible that loss of viral transactivation ability may be required for rapid disease progression in this particular individual. Alternatively, the detection of inactive tat mutants could have been enhanced through the sampling of tat genes from lower amounts of PBMCs at these later time points, especially CD4 + T cells and other HIV-1 reservoirs (see additional file 2: cohort data). However it should be stressed that fully active Tat could consistently be detected in recipient C at nearly all time points and that these defective Tat mutants were not dominant in the quasispecies population ( Figure 3A) . In general our results suggest that the majority of Tat clones from donor A and recipients B and C activated the HIV-LTR similarly to donor A's clone A1-1, whilst most of the latter time-point clones from recipient C were attenuated.
The evidence presented here demonstrate the selection of multiple nonsynonymous mutations in tat in a unique epidemiologically-linked cohort following transmission of HIV-1. Comparisons of the relative transactivation abilities of the Tat clones indicated that the donor and recipients had signature tat genes that conferred strong transactivation potential. While these experiments do not link a tat transactivation mutation to disease progression, it remains possible that alternative Tat functions may contribute to disease progression and that these may be subject to selective pressures during transmission independent of transactivation function. Quasispecies modulation in vivo is vital to the survival of HIV-1 as well as the functional selection of a dominant variant that is capable of counteracting neutralisation by the host immune system.
